Abstract
Introduction
Recent widespread and intense droughts have become likely manifestations of large-scale climate change, including global warming. Droughts have become widespread in the Northern Hemisphere, including Asia, and particularly in Mongolia [2] - [5] . Climate, and climate change is very relevant to society in Mongolia. Changes in climate patterns such as prolonged drought can translate into degradation of pastureland and loss of livestock and have serious economic effects. The increasing drought frequency in Mongolia in recent years has resulted in important effects on Mongolian grassland. These effects have been phytomass decreases below-average [6] - [9] , and could seriously threaten the pastoral and nomadic lifestyle of much of the population of Mongolia [10] . However, in semi-arid areas like Mongolian steppe, vegetation type and distribution relate directly to the amount of water that plants can extract from the soil [11] ; as Mongolia typifies the steppe terrain and semiarid to arid continental climate that extends across much of Central Asia [12] therefore, understanding the spatial and temporal variability of moisture patterns, is critically important for food security in Mongolia, and other regions of central Asia.
When insufficient soil water is available, a water-stress occurs. Plant under stress decreases its transpiration through closing stomata. This decrease in the canopy water flux can have an impact on leaf temperature. Plant temperature has been recognized as indicator of water availability to plants [13] [14] and of plant water stress occurring at the beginning of drought [15] - [17] developed an index of crop water status based on the difference between canopy temperature (measured by an infrared thermometer) and air temperature. [18] developed this index further into the crop water stress index (CWSI), which they defined as the value 1 a m − , where a m (moisture availability) is the ratio of actual to potential evapotranspiration. A number of experimental studies have shown that the diurnal surface temperature range of soils is a useful indicator of soil moisture [19] [20] . Diurnal surface temperature range as an index for quantifying the surface wetness condition of vegetation was initially found to be affected with evapotranspiration [21] . [1] developed an index non-destructively describes surface wetness conditions such as a m , the Normalized Day-Night Surface Temperature Difference Index (NTDI). The NTDI is defined as the ratio of the difference between both radiative the maximum daytime surface temperature and the minimum nighttime surface temperature, to the difference between the maximum and minimum surface temperatures estimated from meteorological data by applying energy balance equations. Their previous study demonstrated that NTDI 
Data and Site Description
Meteorological data were acquired at an experimental observation stations in Bayan Unjuul in northern Mongolia (47˚04'N, 105˚95'E, 1200 m elevation; Figure 1) 19 .9% and 4.7%, respectively. This region is located in the dry steppe zone that is characterized not only by a grass dominance, (e.g. Stipa krylovii and Agropyron cristatum), but also by shrub species (e.g. Caragana microphylla, and Artemisia adamsii) [22] .
Weather and Ground Observation Systems
The weather observation system comprises two sub systems; Automatic Weather Station (AWS) and Automatic Ground-observing Station (AGS).
Automatic Weather Station (AWS)
AWS was set up on 21st June, 2004 at the center of the fenced area (300 m × 300 m).The AWS had a data logger (CR23X, Campbell, USA) and sensors measuring aboveground physical quantities. To acquire sensible heat and latent heat fluxes using the eddy correlation methods, fluctuations in three-directional wind speeds, sonic virtual temperature and water vapor at 1.5 m above the ground were measured with a three-dimensional ultrasonic anemometer-thermometer (81,000, Young, USA) and an open-path krypton hygrometer (KH20, Campbell, USA). These two sensors were mounted side by side with a 12 cm separation between the KH20's optical path and the center of the 81,000 probe. Shortwave, longwave and photosynthetically active radiation (PAR) from the sky and the land surface, respectively, were independently measured with a net-radiometer which has four separate radiometers (CNR1, Kipp and Zonen, Holland) and two quantum sensors (LI190SZ, LI-COR, USA) at the 1.5 m height. Air temperature and relative humidity were measured with a temperature and relative humidity probe (HMP45A, Vaisala, Finland) at the 1.5 m height. Precipitation was measured with a tipping bucket rain gauge (52,203, R. M. Young, USA) at the 1.5 m height. Wind speed and direction at the 1.8 m height were measured with three-cup anemometer and potentiometer (010C and 020C, respectively, Met One, USA). Air pressure at the 0.8 m height was measured with a pressure sensor (PTB210, Vaisala, Finland). The fluctuations of wind speeds, virtual temperature and water vapor were sampled by 10 Hz and the other data of AWS were sampled every 1 s and the 30-min mean values or the other statistics were logged on the data logger. The further information about the AGS instruments and observing system is available from [23] .
Automatic Ground-Observing Station (AGS)
AGS was set up on 8th October, 2003. The AGS had a data logger (CR10X, Campbell, USA) and sensors measuring below-ground physical quantities. Soil water contents and ground heat fluxes at the 0.1 m and 0.3 m depth were measured with time domain reflectometry (TDR) sensors (TRIME-EZ, IMKO, Germany) and soil heat flux plates (HFT3.1, REBS, USA), respectively. Soil temperatures at every 0.05 m interval from the surface to the 0.95 m depth were measured with a thermocouple profiler (CHF-GP1, Climatec, Japan). The TDRs and the other sensors of AGS were sampled every 10 minutes and 10 seconds, respectively. The 30-min mean data were logged on the data logger. The further information about the AGS instruments and observing is available from [23] .
Finally, all data acquired from both AWS and AGS were then averaged over 1-hour intervals using a FORTRAN program created by authors. [1] T T − represents the hypothetical maximum diurnal range of surface temperature (when the ET 0 = ). If the measured daily range of surface temperature is close to the simulated one, then conditions are dry, otherwise conditions are wet.
Methods

NTDI Index
The observed maximum surface temperature in the daytime and the minimum surface temperature in the nighttime can be derived from the long-wave radiation data as follows:
where L ↑ is the upward long-wave radiation (Wm ). Surface emissivity, representing the efficiency of emitting energy, was set to be 0.98 since vegetation emissivity values typically range between 0.97 and 0.99 [25] .
In the simulation of daytime and nighttime surface temperatures, we applied the land surface heat balance equations and the observed meteorological data in each calculation. The land surface heat balance equations are as follows:
where
Here, R ↓ is the total incident radiation (Wm ), and β is the evapotranspiration efficiency (which has a value of one under completely wet conditions and a value of zero under extremely dry conditions). In this study, β was set to be zero for both the daytime and nighttime surface temperature simulation, when β set to zero, the LE is equal zero, and for the energy balance equation to be balanced the decrease in latent heat should lead to increase in sensible heat which results in high surface temperature, which is an as indicator of low moisture availability. ), and q is the specific humidity (kg•kg −1 ). If the vegetation canopy and the land surface are assumed to be a single plane, s T can be expressed in an alternative form by substitution of Equations (5) and (6) into Equation (3), yielding a nonlinear equation for s T as follows:
The solution of Equation (7) for s T can be found by an iterative process
The soil heat flux ( ) G [24] has the form:
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where ( )
Here, n R is net radiation (Wm −2 ).
The estimated surface temperature calculation takes into account the atmospheric stability, represented by
Richardson number ( ) i R , is used as the index to determine the atmospheric stability. The Richardson number is given by:
where g is the acceleration due to gravity (m•s −2 ), z is the observational height (2 m), d is the zero-plane displacement height (m), which was determined by the following equation 
Calculation of Evapotranspiration and Moisture Availability
The sensible heat flux H and latent heat flux LE , which are elements of heat budget, were calculated using by the eddy covariance method. The data processing had six steps [23] : 1) Field observations to acquire covariance data; 2) Calibration to remove data biases; 3) Quality control to select good condition data; 4) Gap filling of H to obtain daily value of H ; 5) Estimation of daily LE as residual from the heat budget equation; and 6) Complement to energy imbalance for H and LE to satisfy the energy budget equation
The conversion formula to convert latent heat LE to evapotranspiration per day is: ). On a daily basis the mean of G is small compared to n R and may often be ignored and assumed as zero [24] .
Results and Discussion
Variation of NTDI, latent heat ( ) LE and sensible heat ( ) H in Bayan Unjuul are shown in Figure 3 . We selected typical non-cloudy days (22 days) during the growing season of two years 2004 and 2005 for calculation of these parameters. In the development of NTDI the high values represent the dry conditions while low values indicate wet condition. If the measured daily range of surface temperature is close to the simulated one, then conditions are dry, whereas the reverse indicates wet condition. Vegetation experiencing moisture stress, the transpiration rate decreases as the stomata close to minimize water loss, resulting in decreased latent heat flux. At the same time, owing to the requirement that the energy flux must balance, the sensible heat flux increased leading to an increased leaf temperature [15] and diurnal surface temperature range. The trend of NTDI is the inverse of the increasing of trends of LE which, indicate wet condition. The lowest value of NTDI was 0. is shown in Figure 6 . We selected typical, non-cloudy days (22 days) during the two growing season for calculation of these parameters. The NTDI showed a strong correlation with a m ( ) 2 0.86; 0.0001 R p = < , and it can be explained in terms of the definition of a m as the ratio between the observed ET and ET 0 . ET is affected by both meteorological and biophysical conditions, whereas ET 0 is an index of meteorological demand, which means that a m , like the NTDI, is a biophysical parameter (Equation (1)). Thus, the normalizing procedure in the calculation of the NTDI removes the meteorological influences so that the NTDI represents biophysical conditions only [1] . Our findings agree with the result of a verification study conducted at grasslands in the Loess Plateau, China where the NTDI was developed and they also explain why a m is highly related to NTDI.
Concluding Remarks
Reduced water availability triggers the onset of an agricultural drought, heightening the demand for an accurate, timely method of quantifying the wetness of a vegetated surface. Mongolia typifies the steppe terrain and semiarid to arid continental climate that extends across much of Central Asia. In semi-arid areas like Mongolian steppe, vegetation type and distribution relate directly to the amount of water that plants can extract from the soil, therefore, understanding the spatial and temporal variability of moisture patterns, is critically important for food security in Mongolia, and other regions of central Asia. We validated a new index, the NTDI, which developed by [1] with observations from a grassland of Mongolian Steppe. We showed that the NTDI has a strikingly high correlation with a m ( ) ferent environments. Nevertheless, further studies are necessary to expand this method for other regions. The NTDI should be tested for it suitability in different climate conditions and for spatial application. The calibration of remotely sensed parameters (e.g., The MODIS sensor offers almost daily land surface temperature (LST) data) needs to be identified. There are some limitations to the use of the NTDI. Some meteorological data required for the NTDI calculation (such as solar radiation) are not always available at many meteorological stations. Another problem is that the calculation procedure can be used only on clear sky days. To apply this index on an annual or interannual basis, a method of interpolation between clear and non-clear days must be developed. 
